
The Journal of Neuroscience, January 1994, 14(l): 208-218 

Activity-dependent Retinotopic Refinement in a Low-Density 
Retinotectal Projection in the Goldfish: Evidence Favoring Synaptic 
Cooperation over Competition 
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During optic nerve regeneration in goldfish, the label from a 
small retinal spot injection of WGA-HRP has been previously 
reported to be initially widely dispersed in the tectum and 
subsequently to condense into a small patch in the retino- 
topically appropriate location of tectum. This refinement in- 
volves two separate processes: one is activity independent 
and generates gross retinotopy; the other is activity depen- 
dent and mediates the formation of fine retinotopy. Since 
the number of synapses remains constant during this re- 
finement, one or both of these processes may involve some 
form of competition for a limited number of synaptic sites. 

To clarify the role of synaptic competition, we created a 
low-density retinotectal projection in goldfish by deflecting 
about 20% of the optic fibers from one tectum into the op- 
posite tectum, which was denervated of all other optic fibers. 
Under this condition, it was previously shown that less than 
half the normal density of synapses is formed. If  competition 
for synaptic sites is a requirement of refinement, refinement 
should be prevented or significantly hindered. 

To monitor refinement during regeneration, 2 nl spot in- 
jections of WGA-HRP were made into the retina at various 
times after deflection. To distinguish between activity-de- 
pendent and activity-independent refinement, retinal im- 
pulse activity was blocked in some fish with repeated injec- 
tions of TTX into the eye for the duration of the experiment. 
It was found that considerable activity-independent refine- 
ment occurred under continuous TTX blockade although the 
fibers remained more dispersed than in previous TTX stud- 
ies when normal numbers of fibers were present. Surpris- 
ingly, in fish with normal impulse activity, the degree of ac- 
tivity-dependent refinement was almost normal. Labeled 
fibers condensed into a small area roughly comparable in 
size to that observed when the full complement of fibers was 
regenerating into tectum. These results suggest that com- 
petition for limited synaptic sites is not essential for activity- 
dependent refinement, which may, instead, be mediated by 
a cooperative process that actively promotes convergence. 
The findings further suggest that if synaptic competition plays 
a role in this system, it is in regulating activity-independent 
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mechanisms that determine the large-scale distribution of 
fibers within tectum. 

[Key words: activity, regeneration, retinotectal, WGA-HRP, 
TTX, goldfish] 

In goldfish, electrophysiological mapping (Meyer, 1977; Schmidt 
and Edwards, 1983) and various anatomical methods (Meyer, 
1980; Meyer et al., 1985) have consistently demonstrated that 
severed optic fibers will regenerate back into the tectum to re- 
form a highly topographic projection. This process is progres- 
sive. Fibers initially make large-scale errors but reestablish rough 
retinotopy by 30 d and by 60 d reform a projection that is nearly 
normal (Meyer, 1980; Meyer et al., 1985; Olson and Meyer, 
1991a). 

Two separate cellular processes have been proposed to me- 
diate this retinotopic refinement, one activity independent, and 
the other activity dependent. Under continuous TTX blockade, 
optic fibers can reform a retinotopic projection in which large- 
scale (quadrant level) errors have been largely eliminated but 
the degree of order is still crude, approximately that observed 
at 30 d when rough retinotopy is normally reestablished. This 
activity-independent refinement is thought to be mediated by 
chemoaffinity wherein fibers are guided to their appropriate 
destination by substrate markers in the optic pathway and on 
the tectum (Sperry, 1963). Under TTX blockade, however, the 
formation of highly ordered retinotopy is indefinitely inhibited 
such that at 120 d, retinotopic order remains only slightly im- 
proved from that seen at 30 d. This order can be inferred from 
the size of multiunit receptive fields (Schmidt and Edwards, 
1983) and directly visualized by anatomical mapping methods 
(Meyer, 1983b; Olson and Meyer, 1991a). 

A related series of studies on the formation of ocular domi- 
nance columns also points to two cellular processes. When optic 
fibers from both eyes are made to regenerate simultaneously 
into one tectum, the fibers from each eye form a projection that 
is roughly retinotopic and totally overlapping at about 30 d 
(Meyer, 1983a; Meyer and Kageyama, 1988). By 60 d, fibers 
from each eye are largely segregated into ocular dominance-like 
patches. This segregation, but not the general retinotopy, is com- 
pletely prevented with activity blockade (Meyer, 1982; Olson 
and Meyer, 1991a). Similar findings have been obtained for 
development of visual projections in cats (Stryker and Harris, 
1986; Shatz and Stryker, 1988; Swindale, 1988) and frogs (Reh 
and Constantine-Paton, 1985). 

These findings have been interpreted to mean that optic fibers 
use impulse activity as a cue to form fine retinotopy. Neigh- 
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boring retinal ganglion cells exhibit locally correlated activity 
(Arnett, 1978; Ginsburget al., 1984) and it is generally supposed 
(see review, Udin and Fawcett, 1988) that growing fibers use 
this synchronous activity to identify which fibers to terminate 
with by following the rule: fibers that fire together, terminate 
together. 

In goldfish, much of the retinotopic refinement entails exten- 
sive synaptic rearrangement. In an electron microscopic study 
in which optic fibers were labeled with HRP, normal numbers 
of synapses were found by 30 d and remained constant thereafter 
(Murray and Edwards, 1982; Hayes and Meyer, 1989a,b). This 
suggested that a fixed number of synaptic sites are filled early 
on in regeneration, and then these synaptic connections are 
extensively rearranged during the course of refinement. Subse- 
quent ultrastructural work in which fibers from selected retinal 
regions were labeled has directly confirmed the existence of 
transient ectopic synapses that are progressively eliminated dur- 
ing refinement (Kageyama and Meyer, 1988; Meyer and Ka- 
geyama, 1988). The numerical constancy of optic synapses dur- 
ing regeneration appears to be dictated by the tectal target cells. 
When the posterior half of tectum is removed, forcing twice as 
many optic fibers into the anterior remnant, the number of 
synapses per unit tectal area remains normal (Murray et al., 
1982; Hayes and Meyer, 1988a). Thus, on average each optic 
fiber must be making half as many synapses, while each tectal 
cell receives its normal complement. This implies that there is 
some characteristic “normal” number of synaptic sites on each 
tectal cell, and that optic fibers are normally capable of making 
more than this number but are constrained by the tectal target 
neurons. In other words, there is a fixed number ofoptic synaptic 
sites that are normally all filled. We will refer to this condition 
as “saturated synaptic sites.” 

This rearrangement of a fixed number of synaptic connections 
implies that competition for limited synaptic sites might be 
important for refinement, particularly for activity-dependent 
refinement, most of which takes place after 30 d when synaptic 
sites are filled. Additional evidence for competition in activity- 
dependent refinement can be found in developmental studies 
on the mammalian visual system. When one eye was occluded 
at the time when ocular dominance columns were forming, the 
columns normally activated by the deprived eye were smaller 
while the columns normally activated by the nondeprived eye 
were expanded (Hubel and Wiesel, 1970; Hubel et al., 1977). 
This was interpreted to mean that more active fibers were better 
able to compete for synaptic space in visual cortex. To explain 
this further, Stent (1973) has presented a Hebbian model in 
which synapses that are inactive when the target cell fires are 
replaced by “competing” neighboring fibers. 

In spite of this seeming preponderance of evidence and opin- 
ion for competition in refining projections, few direct tests of it 
have been done. Indeed, an alternative to competition can be 
envisioned, namely, an activity-dependent cooperative process. 
Rather than synapses being subjected to a continuous displace- 
ment pressure as a result of fibers competing for the limited 
resource of synaptic sites, the synapses could be inherently un- 
stable (short-lived) until preferentially stabilized by correlated 
pre- and postsynaptic activity. In other words, there could be 
an activity-dependent positive feedback signal that actively pro- 
motes the convergence of coactive synapses onto target cells 
without regard to the availability of alternative target sites. 

In an effort to distinguish between competitive and cooper- 
ative processes, we have tested whether saturated synaptic sites 

are necessary for refinement. To do this, we created a low- 
density retinotectal projection in goldfish in which the number 
of synaptic connections was well below normal. This projection 
was formed by removing one eye so as to denervate one tectum 
of all optic fibers and then deflecting about 20% of the optic 
fibers from the opposite tectum into this denervated tectum. It 
was previously shown that under these conditions, optic fibers 
formed, at most, 40% of the normal number of synapses (Hayes 
and Meyer, 1988b). It was also shown that the number of non- 
optic synapses in the main optic innervation lamina (stratum 
jibrosum et griseum superficiale, SFGS) is not affected by elim- 
inating all optic fibers or by reducing or increasing their number, 
indicating that nonoptic fibers do not compete for optic synaptic 
sites (Murray and Edwards, 1982; Murray et al., 1982; Hayes 
and Meyer, 1988a,b). Thus, there should be significant numbers 
of “vacant,” potential synaptic sites on tectal cells available to 
optic fibers. If having saturated synaptic sites is critical, retino- 
topic refinement should be impeded or prevented. 

Refinement was monitored as in previous studies (Olson and 
Meyer, 199 la) by labeling optic fibers from a small number of 
neighboring ganglion cells with a 2 nl injection of WGA con- 
jugated to HRP (WGA-HRP) and visualizing the anterograde 
transport of the HRP with tetramethyl benzidine histochem- 
istry. This method, referred to as “spot mapping,” was done at 
various times between 30 and 138 d after deflection. In some 
fish, activity was blocked by intraocular injections of TTX to 
distinguish between activity-sensitive and -insensitive process- 
es. 

Contrary to what might be expected from some competition 
models, we found the extent of activity-dependent retinotopic 
refinement in this low-density projection to be almost the same 
as after simple optic nerve crush when a full complement of 
optic fibers regenerates back into the optic tectum. We also 
found there was considerable refinement under activity block- 
ade, although the fibers remained more dispersed than after 
simple optic nerve crush. 

Materials and Methods 
Animals. Common goldfish, Carassius auratus, 5-7 cm in body length 
were maintained in standard glass aquaria under diurnal illumination, 
12 hr light: 12 hr dark, at about 19°C. 

Surgery. The fish were anesthetized with tricaine methanesulfonate 
(Finquel), held in a moist wrapping, and observed under a stereomi- 
croscope. The surgical procedures have been described in detail pre- 
viously (Meyer, 1978, 1984). 

For the fiber deflection, optic fibers from the medial brachia supplying 
the posterior quadrant were dissected from the optic tectum as a long 
anteroposterior strip along the medial margin of the tectum. The anterior 
end was left intact so as to preserve the integrity of the optic fiber path 
from the retina. This strip was then lifted over the midline and inserted 
into a small incision in the anterior medial end of the opposite (host) 
tectum. At the same time the host tectum was denervated of its optic 
fibers by enucleation of the eye normally innervating it. This procedure 
produces retinal innervation that is restricted to somewhat less than the 
ventral nasal quadrant of retina (Meyer, 1984). 

Injectiow. Intraocular injections of tetrodotoxin (TTX) were made 
as previously described (Meyer, 1982). A glass pipette was inserted into 
the posterior chamber made through a hole slightly posterior to the 
limbus. Injections were started 5 d after the optic fiber deflection and 
given every 42-48 hr. Fish were injected with 0.05 ~1 of 1.2 mM solution 
oftetrodotoxin in the 0.05 M sodium citrate buffer. Comparison animals, 
designated here as “NO-TTX,” were similarly injected but with 0.05 
@I of 0.05 M sodium citrate buffer. Previous studies with goldfish have 
documented the amount of effective blockade, both directly with elec- 
trophysiology (Meyer, 1982; Schmidt and Edwards, 1983) and indirectly 
by effects on the projection (Meyer, 1982, 1983b; Olson and Meyer, 
199 1 a). To be sure activity blockade was complete, we used four times 
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Table 1. Dimensions and area of tectal label 

30-40 d 60-70 d 90+ d 

N ML AP ML AP ML AP 

Normal 4 260 260 

(SE) (7) (21) 
Area 53 

Deflection, No-TTX 17 700 650 525 500 290 300 

(SE) (104) (100) (6’4 (126) (23) (41) 
Area 357 206 68 

Deflection, TTX 9 1150 1650 950 1175 675 850 

(SE) (176) (212) (141) (106) (56) (43) 
Area 1490 877 451 

Nerve crush,O No-TTX 15 560 530 280 250 240 250 

(SE) (28) (67) (24) (15) (20) (14) 
Area 233 55 47 

Nerve crush,O TTX 834 650 675 530 550 390 

(SE) (54) (12) (54) (32) (64) (18) 
Area 15 426 281 168 

ML, Medial-lateral dimension; AP, anterior-posterior dimension. Dimensions and SE are in micrometers. Area is x 10’ 
Mm’. N is the number of goldfish per experimental condition. 

I’ Data reproduced from Table I of Olson and Meyer (199 1 a), where optic fiber number was normal. 

the dosage and a more frequent injection schedule than was previously 
found to be effective (Meyer, 1982). 

Anterograde labeling and histochemistry. Retinal labeling was done 
with a positive displacement liquid-filled microinjection system that 
was mounted on a micromanipulator. The tip consisted of a micropi- 
pette with a tip diameter of 30 pm (Meyer et al., 1985). A small patch 
of sclera, ~0.5 pm across, was removed to expose the underlyingchoroid 
through which the micropipette was inserted. At a depth of 350 pm and 
450 km, 1 nl of 2% wheat germ agglutinin conjugated to horseradish 
peroxidase (WGA-HRP) was injected into the peripheral ventral nasal 
retina corresponding to the deflected optic fibers. A total of 43 exper- 
imental fish were iniected with WGA-HRP: however. not all iniections 
produced tectal lab& so only data from 26 hsh with label are described 
(Table 1). 

At about 18 hr after the WGA-HRP injection, the fish were anesthe- 
tized with Finquel and perfused through the heart with 5-10 ml ofteleost 
Ringer’s containing Finquel followed by 10-l 5 ml of a solution of 2% 
glutaraldehyde and 1% paraformaldehyde. The brain was removed and 
postfixed in the latter for 1 hr and then placed in a 30% sucrose buffer 
solution until equilibration. The brain was mounted in Tissue-Tek II 
O.C.T. compound, frozen, and serially sectioned at 50 pm through the 
entire tectum. The sections were collected in baskets and reacted with 
the tetramethyl benzidine method of Mesulam (1978). The sections were 
then mounted on slides, cleared, and coverslipped without counters- 
taining. 

Morphometry. In some animals, particularly the TTX-treated ones, 
label was widely dispersed and very light at its edges. This light label 
could not be reliably measured with the scanning spot densitometry 
used in our previous study (Meyer et al., 1985), so the distribution was 
estimated by measuring the borders of detectable label. The distribution 
of SFGS label in the medial-lateral dimension was done with a cali- 
brated eyepiece reticule under high magnification to an estimated ac- 
curacy of 1 O-20 Wm. This measurement reflected the maximum medial- 
lateral dimension over which label was detected above background 
levels. The anterior-posterior SFGS dimension was measured by count- 
ing the number of 50 pm sections that contained label. This was esti- 
mated to within a half section (25 pm) by focusing through the section 
under high power. The area of the label was calculated by using the 
standard formula for the area of an ellipse, Tab (a,b = semiaxis of the 
ML and AP dimensions, respectively). 

In animals where label was widely dispersed, there was typically a 
large flanking region of very light label of roughly constant density, 
which may represent label from fibers of passage. At low power, this 
flanking material was so sparse as not to be apparent. This flanking 

label was excluded from the measure. In this case the edge of the label 
was arbitrarily defined as the point where density fell to this “back- 
ground” of constant density. The exclusion of the flanking regions did 
not affect any of the conclusions, which were based on large qualitative 
differences. 

Results 
In a previous study on fish with simple optic nerve crush (Olson 
and Meyer, 199 la), we distinguish three periods of regeneration 
for the purpose of presenting our findings: an early period be- 
tween 30 and 40 d of regeneration when rough retinotopy has 
been established and the normal number of synapses has been 
restored, an intermediate period between 60 and 70 d when 
much of the activity-dependent ordering has been completed, 
and a late period after 90 d when retinotopic refinement is 
essentially complete. For purposes of comparison, we have re- 
tained this nomenclature and present data from this previous 
study, referred to as “nerve crush,” in Table 1 along with the 
present results, referred to as “deflection.” 

Table 1 lists the AP and ML dimensions and the area of the 
tectal label measured at the three separate time periods. The 
data from Table 1 were used to create two additional tables used 
to evaluate refinement: Table 2, “absolute refinement,” and 
Table 3, “relative refinement.” Absolute refinement is defined 
as the area of tectal label observed at one of the three time 
periods in the experimental condition, “deflection” (low fiber 
density), divided by the area of tectal label observed at the same 
time period in the standard condition, “nerve crush” (normal 
fiber density). Absolute refinement is a measure of the effect of 
fiber density on the normal progress of refinement. A value 
greater than 1 means that fibers project to a larger area of tectum 
in low fiber density animals compared to animals with normal 
fiber density; that is, there was less refinement than after simple 
optic nerve crush. Relative refinement is defined as the area of 
tectal label observed at one of the time periods for each exper- 
imental condition divided by its own area at 30 d. Relative 
refinement is a measure of the amount of change (refinement) 
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Table 2. Effect of density on absolute refinement 

30-40 d 60-70 d 90+ d 

No-TTX deflection 

No-TTX nerve crush 
1.5 3.7 1.4 

TTX deflection 
TTX nerve crush 

3.5 3.1 2.1 

Area of label measured at each time period is expressed as a ratio between de- 
flection and optic nerve crush: (area of tectal label in deflected projection) f (area 
of tectal label in simple optic nerve crush). Values for these areas are given in 
Table 1. 

observed within each group of animals. Smaller numbers mean 
more refinement, that is, greater condensation of tectal label 
relative to that seen at 30 d. 

Label in a normal retinotectal projection 
When a spot injection of WGA-HRP is made into the retina of 
a normal goldfish, a small, well-defined patch of product is found 
in the retinotopically appropriate location of the optic tectum 
(Fig. lA,B; Table 1). The central portion of the patch contains 
dense label that falls off abruptly at its periphery, resulting in a 
sharp edge (Fig. 1B). The product filled the SFGS, the main 
optic terminal layer, and the S-lamina, a narrow optic layer just 
above the SFGS. There was very light or undetectable label in 
the other minor optic layers and no label was observed in non- 
optic layers. This patch of label from “spot mapping” has been 
described in detail earlier (Meyer et al., 1985). The dimensions 
of this patch of product are highly uniform from fish to fish, 
attesting to the reproducibility of the spot mapping technique 
(Table 1). 

Label in deflected projection with normal activity 

After the optic fiber deflection and enucleation, the fish were 
divided into two separate groups. One group received intraoc- 
ular injections of citrate buffer every 42-48 hr, starting 5 d after 
the surgery. This injection schedule was the same as for the 
activity-blocked TTX animals. The other group received no 
intraocular injections. The results from these two groups were 
not detectably different, as expected from a similar comparison 
in our previous study on fish with optic nerve crush (Olson and 
Meyer, 199 la). For purposes of simplification, the results from 
these two groups are combined and presented together here. 

At 30 d, the tectal label from a retinal spot injection of WGA- 
HRP was widely dispersed (Fig. lC, Table 1). In the AP di- 
mension the product began approximately 500 pm from the 
anterior end of the tectum and in the ML dimension product 
extended to its medial edge (Fig. 2). The product was concen- 
trated in a roughly circular zone in the appropriate tectal quad- 
rant, and there were no sharp boundaries to the label. The tectal 
label in the deflected projection was initially 50% larger than 
after simple optic nerve crush, as indicated by the absolute 
refinement measure of Table 2. 

At 60 d, the product was much more condensed (Fig. lD, 
Table l), as indicated by the relative refinement value of Table 
3 being less than 1. The labeled area had retracted to almost 
half its earlier size in roughly the retinotopically appropriate 
tectal region and formed distinct patches that were more dense 
than the label at 30 d. These patches no longer extended to the 
medial edge of the tectum and their edges were still somewhat 
diffuse. As shown by the absolute refinement measure (Table 

Table 3. Effect of density on relative refinement 

30-40 d 60-70 d 90+ d 

No-TTX deflection 1 0.58 0.19 

No-TTX nerve crush 1 0.24 0.20 

TTX deflection 1 0.59 0.30 

TTX nerve crush 1 0.66 0.39 

Area of label measured at each time period for each experimental condition is 
expressed as a ratio to its area at 30 d: (area oftectal label at 30,60, or 90 d) + (area 
of tectal label at 30 d). Values for these areas are given in Table I. 

2), these patches were nearly four times larger than in animals 
with simple optic nerve crush. This size difference was partly a 
result of slower refinement in the deflected group, as indicated 
by the relative refinement measure being half as great when 
compared to the nerve crush group (Table 3). Also, label in this 
deflected projection did not form multiple patches as observed 
previously with simple optic nerve crush (Meyer et al., 1985; 
Olson and Meyer, 199 1 a). 

At 90 d, the patches of product were more condensed and 
their edges were more defined than at 60 d (Fig. lE, Table 1). 
The product had condensed to one-fifth the area found at 30 d, 
as shown by the relative refinement measure (Table 3). These 
patches were now only slightly larger than the patches of product 
observed in normal goldfish or in regeneration after simple optic 
nerve crush (Tables 1, 2), although their edges were not quite 
as sharp. The significant condensation that occurred by this time 
was associated with a movement of the tectal label posteriorly, 
which now began approximately 650 pm from the anterior end 
of the tectum (Fig. 2). As shown by the absolute refinement 
measure (Table 2), label in the deflected projection was now 
close to normal, only 40% larger than after simple optic nerve 
crush at this same time. 

Label in deflected projection with TTX activity blockade 
Surgical deflections and enucleations were the same as above 
and intraocular injections of TTX were begun 5 d after the 
surgery and repeated every 42-48 hr. After 30 d of regeneration, 
the label from a retinal spot injection of WGA-HRP was widely 
dispersed in the tectum, much more so than in fish with normal 
activity (Fig. 1 F, Table 1). The label began approximately 400 
Frn from the anterior end of the tectum and extended to its 
medial edge (Fig. 3). The product was nearly uniform throughout 
the labeled area. It was in the appropriate tectal quadrant and 
tapered off gradually giving indistinct boundaries. The tectal 
label in the deflected projection was initially 350% larger than 
after simple optic nerve crush, as shown by the absolute refine- 
ment measure of Table 2. 

After 60 d, the product was more concentrated in the appro- 
priate tectal quadrant, though the label still extended to the 
medial edge of the tectum (Fig. lG, Table 1). The boundaries 
were slightly more defined than at 30 d. As shown by the relative 
refinement measure (Table 3), label contracted to about half its 
area observed at 30 d. Label was still more spread out compared 
to the nerve crush group, but as indicated by the absolute re- 
finement measure (Table 2), the difference between these two 
groups was comparable to that seen at 30 d. The size difference 
of the labeled area at this time was not due to slower refinement 
in the deflected group because the relative refinement measure 
was about the same as the nerve crush group (Table 3). 

At 90 d, the projection had condensed to 30% of the area 
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occupied at 30 d (Table 3). The product was in the appropriate 
tectal quadrant, and had become more dense. The boundaries 
were still not well defined (Fig. IH). Anteriorly, the product 
began approximately 400 pm from the front of the tectum and 
no longer extended to its medial edge (Fig. 3). The label never 
segregated into multiple patches as observed with activity. The 
relative amount that label had condensed from 30 d was as 
much as in animals with nerve crush, as indicated by the relative 
refinement measures of Table 3. However, the actual size of the 
area occupied by the tecta label was still nearly three times larger 
than with nerve crush, as indicated by the absolute refinement 
measure of Table 2. 

Discussion 
The main finding was that there was nearly normal activity- 
dependent retinotopic refinement in a low-density projection in 
the presence of unfilled synaptic sites. Neighboring optic fibers 
from a small area of retina were initially widely dispersed in 
the tectum, and with time condensed to a size only moderately 
larger than that previously observed when the normal number 
of optic fibers were present (Meyer et al., 1985; Olson and Mey- 
er, 199la). We suggest that competition for fixed numbers of 
synaptic sites may not be essential for activity-dependent .re- 
finement and that this may instead be mediated by a cooperative 
process. In addition, activity-independent refinement (refine- 
ment under TTX blockade) was also observed but it was par- 
tially inhibited by the low density of optic fibers. This suggests 
that competition may be more important for activity-insensitive 
processes than for activity-dependent processes. These results 
will be discussed in terms of the following four topics: activity- 
independent refinement, activity-dependent refinement, refined 
retinotopy in an expanded projection, and implications for com- 
petitive versus cooperative processes. 

Activity-independent retinotopic rejnement 

Under continuous TTX blockade, a progressive refinement took 
place over several months reminiscent of that previously seen 
under TTX when the optic nerve was simply crushed (Olson 
and Meyer, 199 la). Substantial reduction in the size of tectal 
label was observed at 60 d and this further decreased by 90 d 
to become 30% of the area occupied at 30 d. However, it re- 
mained 2.7 times larger than that observed in previous TTX 
studies in which the number of fibers was normal. On the one 
hand, this finding means that an activity-independent refine- 
ment can take place in the presence of “vacant” synaptic sites. 
On the other hand, this result indicates that activity-indepen- 
dent refinement is partially inhibited by the low density of fibers. 

The observed refinement could be explained in terms of che- 
moaffinity-directed growth. Several studies have shown that op- 
tic fibers silenced with TTX can form a roughly ordered retin- 
otopic projection (Harris, 1980; Meyer, 1983b; Schmidt and 
Edwards, 1983; Olson and Meyer, 199 1 a). Directed growth has 
also been demonstrated for a low-density projection in which 
fibers were required to grow past unfilled synaptic sites. Using 
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the deflection procedure similar to that used in the present study, 
it was shown that when a subset of optic fibers was introduced 
into the wrong half of a denervated tectum, they grew toward 
their appropriate half just as well under TTX blockade as with 
normal activity (Meyer, 1987). While these previous studies did 
not show the progressive improvement in retinotopic order (re- 
finement) as demonstrable with the spot mapping method used 
here, it seems reasonable to interpret this refinement as a pro- 
gressive growth toward their appropriate tectal region, which is 
presumably based on chemoaffinity cueing and does not require 
activity (Sperry, 1963). 

The more curious finding is that activity-independent refine- 
ment was partially inhibited; that is, labeled fibers were more 
dispersed in this low-density projection than when the density 
was normal. This inhibition was not simply due to a disruptive 
effect of the deflection surgery. It was previously shown that 
when similarly deflected fibers were introduced into the host 
tectum at the same time that host optic fibers were made to 
reinnervate host tectum, they eventually occupied a normal- 
sized region oftectum even under TTX blockade (Meyer, 1982). 
Also, the present finding that deflected fibers without TTX treat- 
ment underwent nearly normal refinement similarly argues 
against mechanical disruption. Rather, it appears that the partial 
inhibition of activity-independent refinement is due to the low 
density of fibers. This, in turn, could be taken to mean that 
competition somehow regulates the activity-independent pro- 
cesses responsible for generating gross retinotopy. 

There is longstanding evidence consistent with the idea that 
competition regulates gross retinotopy. When half of retina is 
removed, fibers from the remaining retina can expand to fill 
available tectal space (Schmidt et al., 1978; Udin and Gaze, 
1983). Retinotopic expansion also results when a fraction of 
optic fibers are deflected into denervated tectum (Meyer, 1978) 
in the manner of the present study. Conversely, when half of 
tectum is removed, optic fibers will form a compressed projec- 
tion onto the tectal remnant (Gaze and Sharma, 1970; Yoon, 
197 1; Meyer, 1977). More recently, both expansion and com- 
pression have been shown to take place under TTX blockade 
(Meyer and Wolcott, 1987) and thus can be directly attributed 
to activity-independent mechanisms. 

The conclusion that this evidence suggests is that competition 
for available tectal space is responsible for controlling large- 
scale retinotopy through an activity-independent mechanism. 
If “tectal space” is taken to mean optic synaptic sites, which is 
the only known limited resource in tectum, then this compe- 
tition could be for synaptic sites. Such a competition would 
normally ensure that all optic fibers make synapses and all avail- 
able sites are filled. 

Activity-dependent retinotopic refinement 
Surprisingly, when activity was permitted, the degree of refine- 
ment produced in this low-density projection was nearly normal. 
By 90+ (1, the area of tectum occupied by optic fibers that were 
labeled by the small retinal spot injection was only slightly larger 

Figure 1. Representative examples of tectal spot label in normal fish and in fish at various times after deflection with and without TTX blockade. 
Sections are of left tectum in frontal orientation with dorsal at top and medial to the right. A single 2 nl spot injection of 2% WGA-HRP was made 
into the nasal-ventral retina. A, Frontal section through tectum of normal (untreated) goldfish. B, High nerve deflection into denervated tectum at 
30, 60, and 90 d. Sections were selected where the product was most widely distributed across the mediolateral axis. C-E, These NO-TTX fish 
received 0.05 ~1 of 0.05 M sodium citrate buffer every 42-48 hr beginning 5 d after deflection. F-H, The TTX-treated fish received 0.05 ~1 of 1.2 
mM tetrodotoxin in citrate buffer every 42-48 hr beginning 5 d after deflection. Scale bars: A and C-H, 250 Km; B, 100 pm. 
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30 days 90 days 

Figure 2. An anteriorr-posterior series of frontal sections taken through dorsal tectum from a NO-TTX fish at 30 and 90 d after deflection. A, C, 
E,, and G, Fish at 30 d. B, D, F, and H, Fish at 90 d. Anterior-posterior positions are as follows: A and B, 600 pm from the anterior end; C and 
D, 800 pm from the anterior end; E and F, 1000 Nrn from the anterior end; G and H, 1200 pm from the anterior end. Scale bars, 250 pm. 
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90 days 

Figure 3. An anterior-posterior series of frontal sections taken through dorsal tectum from a TTX-treated fish at 30 and 90 d after deflection. A, 
C, E, and G, Fish at 30 d. B, D, F, and H, Fish at 90 d. Anterior-posterior positions are as follows: A and B, 600 Km from the anterior end; C 
and D, 800 pm from the anterior end; E and F, 1000 pm from the anterior end, G and H, 1200 pm from the anterior end. Scale bars, 250 pm. 
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(1.4 x) than that observed when normal numbers of fibers were 
present. This was all the more remarkable considering the much 
greater contribution activity made to refining this low-density 
projection. This contribution can be estimated by comparing 
the area occupied by active fibers with that of fibers silenced by 
TTX. In the low-density projection, silenced fibers were spread 
over nearly seven times more tectal area at 90+ d. This contrasts 
to that of a normal-density projection where silenced fibers oc- 
cupied only 3.5 times more area than active fibers at 90+ d. In 
other words, activity contributed about twice as much to re- 
finement in the low-density projection. The reasons for this 
greater contribution from activity may be that fibers tend to 
expand across tectum in the low-density projection as a result 
of activity-independent processes (see above) and labeled fibers 
may have been more dispersed when they invaded tectum. Ac- 
tivity-dependent refinement would need to overcome both of 
these counteracting effects. 

wards and Grafstein, 1984; Antonian et al., 1987) will need 
further testing. 

Topographic implications of reJinement in an expanded 
projection 

There are two seemingly contradictory aspects ofthe topography 
of the final projection formed by these deflected fibers that war- 
rant brief mention. On the one hand, neighboring retinal gan- 
glion cells converged into an area of tectum that was roughly 
normal in size. On the other hand, the fibers as a group expanded 
into over two to three times the area they occupy in a normal 
projection (Meyer, 1978). A similar dichotomy has recently been 
found in a compressed projection in which fibers from the entire 
eye were made to innervate a surgically formed anterior half 
tectum (Olson and Meyer, 199 1 b). In this case, the projection, 
as a whole, was retinotopically squeezed into half its normal 
area of tectum while the area of tectum to which neighboring 
ganglion cells projected, as measured by retinal spot injections, 
was essentially normal. 

This finding means that optic fibers can use correlated activity 
to converge onto a small region of tectum even when there are 
many vacant optic synaptic sites. Under the conditions of this 
experiment, there were less than 40% the normal number of 
optic synapses (Hayes and Meyer, 1988b), and this is probably 
a substantial overestimate since the counts were obtained after 
refinement and were taken in the region of highest afferent den- 
sity. This reduction in optic synapses is not accompanied by an 
increase in the number of nonoptic synapses in the optic in- 
nervation layer (SFGS), which remain constant in both the low- 
density projection and in tecta denervated of all optic fibers 
(Murray and Edwards, 1982; Hayes and Meyer, 1988b). Since 
the maximum (normal) number ofoptic synaptic sites is dictated 
by tectal cells and cannot be increased by increasing the number 
of optic fibers above normal (Murray et al., 1982; Hayes and 
Meyer, 1988a), this implies that at least 60% of potential optic 
synaptic sites are unfilled in the low-density projection. 

dependent refinement while not greatly affecting the end point. 
When optic fibers form fewer synaptic connections onto tectal 
cells, it is not unreasonable to think they might be less efficient 

At first sight, the finding that nearly normal activity-depen- 
dent refinement eventually occurred when synaptic numbers 
were much lower than normal might seem contrary to the pre- 
sumption that activity mediates refinement via synaptic con- 
nections. However, a closer look at the data indicates otherwise. 
Refinement was much slower in the low-density projection. Spot 
labeled fibers were more than three times as spread out at 60 d 
than at 90 d. In contrast, when fiber density is normal, refine- 
ment is largely completed by 60 d improving by 15% at 90 d. 
Since at 30 d there was only a modest difference in retinotopic 
order between low- and normal-density projections, the lag in 
refinement between 30 and 90 d is likely due to decreased syn- 
aptic density rather than initial disorganization. We suggest, 
therefore, that low synaptic density slows the rate of activity- 

We suggest that the resolution of these dichotomous features 
of the retinotopy lies in the fact two different aspects of topog- 
raphy are being measured. Expansion and compression measure 
the large-scale distribution of optic fibers. The spot mapping 
method measures local order. What these experiments show is 
that the relationship between these two aspects of retinotopy 
are not as simple as first meets the eye. One might naively 
imagine that if one labeled two neighboring clusters of retinal 
ganglion cells, one might see two contiguous, nonoverlapping 
spots of label in a normal tectum. The available evidence, how- 
ever, suggests that these two projection zones must partially 
overlap in a normal tectum (Wang and Meyer, 199 1). When the 
map is expanded, the overlap can decrease without creating 
denervated regions of tectum. When the map is compressed, 
the overlap can increase while preserving retinotopy. If the ex- 
tent of overlap is sufficiently great, the size of the spot label in 
tectum will show relatively small changes during expansion and 
compression. 

Neuronal activity may mediate a cooperative process in 
retinotopic rejnement 

To illustrate this, imagine that at its edges a retinal injection 
labeled two optic arbors that were each 200 Frn in diameter and 
that their centers were separated by 50 pm. Together they would 
subtend a 250 pm length of tectum. If expansion doubled the 
distance between the centers of these arbors to 100 pm, then 
the length of tectum subtended would increase only to 300 Km. 
This would be only a 20% increase, which is about what we 
actually observed. The percentage change in compression would 
be even smaller. We will discuss this issue at length elsewhere 
in the context of compression (M. D. Olson and R. L. Meyer, 
unpublished observations). 

at driving tectal cells and that this, in turn, could delay the 
efficiency or onset of activity-dependent refinement. 

Another observation that points to synaptic function is the 
surprisingly large contribution that activity apparently made by 
30 d. With activity, spot-labeled fibers occupied one-fourth the 
area of tectum than under TTX blockade at this early time. This 
suggests a significant role for activity beginning with the initial 
entry of optic fibers into the tectum, much sooner than has been 
generally appreciated. Whether this early effect of activity is 
actually attributable to synaptic function or to some nonsynaptic 
effect of impulse blockade at early stages of regeneration (Ed- 

The main finding here, that activity-dependent refinement was 
nearly normal in this low-density projection, demonstrates that 
saturated synaptic sites are not a necessary condition for activ- 
ity-mediated refinement. This result does not provide support 
for a role for synaptic competition in this process. On the con- 
trary, the fact that fibers from neighboring retinal ganglion ac- 
tively converged into a small area oftectum when large numbers 
of “vacant” alternative synaptic sites were present leads us to 
suggest that activity may mediate a process that is cooperative 
instead of competitive. 

To clarify what “cooperative” might mean, it is helpful to 
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contrast two extreme models, one competitive and the other 
cooperative. For both models, we will presume, as is the case 
for goldfish tectum, that the maximum number of synaptic sites 
is limited by the target cell, and that, under normal conditions, 
fibers have the inherent capacity to make more synaptic con- 
nections than are available. For the competition model, two 
further assumptions are made: (1) an activity related negative 
feedback signal that destabilizes synapses that would otherwise 
automatically persist and (2) the competitive replacement of fi- 
bers at these destabilized synapses by neighboring fibers. The 
rule for synapse destabilization (negative feedback) would be 
that postulated by Stent’s (1973) extension of the Hebbian syn- 
apse (Hebb, 1949), in which asynchronous pre- and postsynaptic 
activity produces destabilization of the active synapse. Because 
there was an excess of afferent fibers relative to synaptic sites, 
fibers at destabilized synapses would be replaced by other fibers. 
Those having activity synchronous with the postsynaptic cell 
would be spared the noxious effects of the negative feedback 
signal and would persist. Under the low-density conditions of 
the present experiment, the competitive pressure should be ab- 
sent or greatly reduced because the large numbers of available 
synaptic sites would permit fibers to make as many synaptic 
connections as they are able. As a result, there would be nothing 
to induce fibers to displace existing synaptic connections even 
when destabilized, and consequently, synaptic connections would 
persist, thereby impeding synaptic rearrangement. 

In contrast, a cooperative model could be thought ofas having 
these alternative characteristics: (1) synaptic connections that 
are inherently unstable, having limited life-span, unless stabi- 
lized, and (2) a stabilizing signal (positivefeedback) that is ac- 
tivated by correlated activity and is necessary for long-term 
survival of synapses. The rule for stabilization could still be 
Hebbian; that is, synapses of fibers coactive with postsynaptic 
cells would be preferentially stabilized. Because synaptic con- 
nections are normally short-lived, it would only be necessary 
to stabilize preferentially those synapses that show correlated 
pre- and postsynaptic activity. When the density of synapses is 
low, activity-dependent rearrangement could still occur because 
of the inherent instability of synaptic connections. Rearrange- 
ment would proceed until a stabilization signal is activated al- 
though final stabilization may take longer when synapses are 
reduced (as was observed). In effect, the positive feedback signal 
actively promotes the trial-and-error convergence of coactive 
fibers without the necessity of competition. 

Another possible example of cooperativity in topographic re- 
finement may be the formation of binocular maps in Xenopus. 
In this system, there is an ipsilateral projection relayed through 
the isthmotectal system that is aligned with the direct retino- 
tectal projection. This alignment is mediated by an activity- 
dependent process but there is no indication of competition 
between these two projections (Gaze et al., 1970; Udin and 
Keating, 198 1; Udin, 1985). 

In summary, we found that reducing the number of optic 
fibers to the point where there were many “vacant” synaptic 
sites had relatively little long-term effect on activity-mediated 
retinotopic refinement. Low synaptic density also did not pre- 
vent substantial activity-independent refinement but did pro- 
duce partial inhibition. These results do not support a role for 
synaptic competition in activity-dependent refinement but could 
be taken to be compatible with such a role in activity-indepen- 
dent refinement, that is, chemoaffinity-directed growth. If  syn- 
aptic competition plays a role in refinement, these results suggest 

it may play a greater role in activity-independent refinement 
than in activity-dependent refinement. 
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